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^ , Abstract 

We discuss A''2-dominated leptogenesis in the presence of flavour dependent ef- 
fects that have hitherto been neglected, in particular the off-diagonal entries of the 
flavour coupling matrix that connects the total flavour asymmetries, distributed in 
different particle species, to the lepton and Higgs doublet asymmetries. We derive 
analytical formulae for the final asymmetry including the flavour coupling at the 
A''2-decay stage as well as at the stage of washout by the lightest right-handed neu- 
trino A'^i. Moreover, we point out that in general part of the electron and muon 
asymmetries (phantom terms), can completely escape the wash-out at the produc- 
tion and a total B — L asymmetry can be generated by the lightest RH neutrino 
wash-out yielding so called phantom leptogenesis. However, the phantom terms are 
proportional to the initial N2 abundance and in particular they vanish for initial zero 
A^2-abundance. Taking any of these new effects into account can significantly modify 
the final asymmetry produced by the decays of the next-to-lightest RH neutrinos, 
opening up new interesting possibilities for A'"2-dominated thermal leptogenesis. 



1 Introduction 



Leptogenesis [l[ is based on a popular extension of the Standard Model, where three 
right-handed (RH) neutrinos Nm, with a Majorana mass term M and Yukawa couplings 
h, are added to the SM Lagrangian, 

£ = £sM + i'NRa^d^'NRi - h^dLaNR,^ - ^ MiN%, Nr, + h.c. {i = 1, 2, 3, a = e, /i, r) . 

(1) 

After spontaneous symmetry breaking, a Dirac mass term = v h, is generated by the 
vev V = 174 GeV of the Higgs boson. In the see-saw limit, M ^ ttid, the spectrum 
of neutrino mass eigenstates splits in two sets: 3 very heavy neutrinos Ni,N-2 and N^, 
respectively with masses Mi < M2 < M3, almost coinciding with the eigenvalues of M, 
and 3 light neutrinos with masses mi < m2 < m^, the eigenvalues of the light neutrino 
mass matrix given by the see-saw formula [2I 

= -niD ^ . (2) 

Neutrino oscillation experiments measure two neutrino mass-squared differences. For 
normal schemes one has m| — m| = Am^^.j^ and m| — mf = Amg^j, whereas for in- 
verted schemes one has m| — m| = AmLi and m| — mf = Am^^-j^. For mi ^ ?Tiatm = 
Am^tin + Am^Qj = (0.050 ± 0.001) eV j3| the spectrum is quasi-degenerate, while for 
rrii <^ nisoi = y^Am^ = (0.0088 ± 0.0001) eV js] it is fully hierarchical (normal or in- 
verted). The most stringent upper bound on the absolute neutrino mass scale comes from 
cosmological observations. Recently, quite a conservative upper bound, 

mi<0.2eV (95% CL) , (3) 

has been obtained by the WMAP collaboration combining CMB, baryon acoustic oscilla- 
tions and supernovae type la observations 0]. 

The CP violating decays of the RH neutrinos into lepton doublets and Higgs bosons 
at temperatures T > 100 GeV generate a. B — L asymmetry one third of which, thanks 
to sphaleron processes, ends up into a baryon asymmetry that can explain the observed 
baryon asymmetry of the Universe. This can be expressed in terms of the baryon-to- 
photon number ratio and a precise measurement comes from the CMBR anisotropies 
observations of WMAP (4], 

r/CMB = (g 2±0.15) X 10"^°. (4) 

The predicted baryon-to-photon ratio rjB is related to the final value of the {B — L) 
asymmetry N^b-^ by the relation 

riB ~ 0.96 X 10-2Ar£_^ , (5) 
2 



where we indicate with Nx any particle number or asymmetry X calculated in a portion of 
co-moving volume containing one heavy neutrino in ultra-relativistic thermal equilibrium, 
so that e.g. N'f^^{T > M2) = 1. 

If one imposes that the RH neutrino mass spectrum is strongly hierarchical, then there 
are two options for successful leptogenesis. A first one is given by the A'^i-dominated sce- 
nario, where the final asymmetry is dominated by the decays of the lightest RH neutrinos. 
The main limitation of this scenario is that successful leptogenesis implies quite a restric- 
tive lower bound on the mass of the lightest RH neutrino. Imposing independence of the 
final asymmetry of the initial RH neutrino abundance and barring phase cancelations in 
the see-saw orthogonal matrix entries the lower bound is given by js], 0, 0] 

Ml > 3 X 10^ GeV . (6) 

This implies in turn a lower bound Trch > 1.5 x 10^ GeV on the reheating temperature as 
well [sl LJ. The lower bound Eq. ([6]) is typically not respected in models emerging from 
grand unified theories. It has therefore been long thought that, within a minimal type I 
see-saw mechanism, leptogenesis is not viable within these models 



There is however a second option 12| , namely the iV2-dominated leptogenesis scenario, 
where the asymmetry is dominantly produced from the decays of the next-to-lightest RH 
neutrinos. In this case there is no lower bound on the lightest RH neutrino mass Mi. 
Instead this is replaced by a lower bound on the next-to-lightest RH neutrino mass M2 
that still implies a lower bound on the reheating temperature. 

There are two necessary conditions for a successful iV2-dominated leptogenesis scenario. 
The first one is the presence of (at least) a third heavier RH neutrino that couples 
to N2 in order for the CP asymmetries of N2 not to be suppressed as oc (Mi/M2)^. The 
second necessary condition is to be able to circumvent the wash-out from the lightest 
RH neutrinos. There is a particular choice of the see-saw parameters where these two 
conditions are maximally satisfied. This corresponds to the limit where the lightest RH 
neutrino gets decoupled, as in heavy sequential dominance, an example which we shall 
discuss later. In this case the bound. Mo > 10^'^ GeV when estimated without the inclusion 
of flavour effects, is saturated. In this limit the wash-out from the lightest RH neutrinos 
is totally absent and the CP asymmetries of the A''2's are maximal. 

In order to have successful A'^2- dominated leptogenesis for choices of the parameters 
not necessarily close to this maximal case a crucial role is played by lepton flavour effects 
(13I . If Ml ^ 10^ GeV ^ M2, as we will assume, then before the lightest RH neutrino 



^For a discussion of flavour-dependent leptogenesis in the supersymmetric seesaw scenario and the 



corresponding bounds on Mi and Tioh, see [9. 10 1 



wash-out is active, the quantum states of the lepton doublets produced by A^2-decays get 
fully incoherent in flavour space [isl. IgI . 12, 18|. In this way the lightest RH neutrino 
wash-out acts separately on each flavour asymmetry and is then much less efficient [isl [§. 
It has then been shown recently that within this scenario it is possible to have successful 
leptogenesis within models emerging from 5*0(10) grand-unified theories with interesting 
potential predictions on the low energy parameters 2l|. Therefore, the relevance of the 
A''2-dominated scenario has been gradually increasing in the last years. 

In this paper we discuss A^2-dominated leptogenesis in the presence of flavour depen- 
dent effects that have hitherto been neglected, in particular the off-diagonal entries of the 
flavour coupling matrix that connects the total flavour asymmetries, distributed in differ- 
ent particle species, to the lepton and Higgs doublet asymmetries. We derive analytical 
formulae for the final asymmetry including the flavour coupling at the iV2-decay stage as 
well as at the stage of washout by the lightest RH neutrino A'^i. We point out that in 
general part of the electron and muon asymmetries will completely escape the wash-out 
at the production and a total B — L asymmetry can be generated by the lightest RH 
neutrino wash-out yielding so called phantom leptogenesis. These contributions, that we 
call phantom terms, introduce however a strong dependence on the initial conditions as 
we explain in detail. Taking of all these new effects into account can enhance the final 
asymmetry produced by the decays of the next-to-lightest RH neutrinos by orders of mag- 
nitude, opening up new interesting possibilities for iV2-dominated thermal leptogenesis. 
We illustrate these effects for two models which describe realistic neutrino masses and 
mixing based on sequential dominance. 

The layout of the remainder of the paper is as follows. In section 2 we discuss the 
production of the asymmetry from A'^2-decays and its subsequent thermal washout at 
similar temperatures. In section 3 we discuss three flavour projection and the wash-out 
stage at lower temperatures relevant to the lightest RH neutrino mass. This is where 
the asymmetry which survives from A^2-decays and washout would typically be expected 
to be washed out by the lightest RH neutrinos in a flavour independent treatment, but 
which typically survives in a flavour-dependent treatment. This conclusion is reinforced 
in the fuller flavour treatment here making A'^2 dominated leptogenesis even more relevant. 
The fuller flavour effects of the A''2-dominated scenario are encoded in a compact master 
formula presented at the end of this section and partly unpacked in an Appendix. Section 
4 applies this master formula to examples where the new effects arising from the flavour 



^Notice that if Mi ^ 10^ GeV and Ki ^ 1 the wash-out from the hghtest RH neutrino can be still 
avoided thanks to heavy flavour effeets 19, 2^. However, throughout this paper we will always consider 
the case Mi <^ 10^ GeV which is more interesting with respect to leptogenesis in grand-unified theories. 
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couplings and phantom leptogenesis play a prominent role. We focus on examples where, 
due to the considered effects, the flavour asymmetry produced dominantly in one flavour 
can emerge as an asymmetry in a different flavour, a scenario we refer to as the flavour 
swap scenario. 



2 Production of the asymmetry from A^2-decays and 
washout 

In the iV2-dominated scenario, with M2 respecting the lower bound of M2 > 10^° GeV and 
Ml <^ 10^ GeV, one has to distinguish two stages in the calculation of the asymmetry. In 
a first production stage, at T ~ ~ M2, a. B — L asymmetry is generated from the N2 
decays. In a second wash-out stage, at T ~ Mi, inverse processes involving the lightest 
RH neutrinos, the A'^i's, become effective and wash-out the asymmetry to some level. 

In the production stage, since we assume 10^^ GeV ^ M2 ^ 10^ GeV, the B — L 
asymmetry is generated from the A^2-decays in the so called two-flavour regime 0,0, 16]. 



In this regime the r- Yukawa interactions are fast enough to break the coherent evolution 
of the tauon component of the lepton quantum states between a decay and the subsequent 
inverse decay and light flavour effects have to be taken into account in the calculation of 
the final asymmetry. On the other hand the evolution of the muon and of the electron 
components superposition is still coherent. 

If we indicate with 1^2) the quantum state describing the leptons produced by N2- 
decays, we can define the flavour branching ratios giving the probability P2a that 1^2) is 
measured in a flavour eigenstate |£q,) as P2a = |(^a|^2)P- Analogously, indicating with 
1^2) the quantum state describing the anti-leptons produced by A'^2-decays, we can define 
the anti-flavour branching ratios as P2a = |(^a|^2)P- The tree level contribution is simply 
given by the average P2a = {P2a + -P2a)/2. The total decay width of the A^2's can be 
expressed in terms of the Dirac mass matrix as 

- - "'^ (7) 



1 TTf^ 



and is given by the sum r2 = r2 + r2 of the total decay rate into leptons and of the total 
decay rate into anti-leptons respectively. The flavoured decay widths are given by 



^ _ ^2 I ,2 
2a — a 9 r^-Do2 



and can be also expressed as a sum, T2a = ^2a + ^2a, of the flavoured decay rate into 
leptons and of the flavoured total decay rate into anti-leptons respectively. 



Notice that the branching ratios can then be expressed in terms of the rates as = 
^2a/'r2 and = ^2a/^2- The flavoured CP asymmetries for the A^2-decays into a-leptons 
{a = e, /i, r) are then defined as 



r2a-r 



^2a = 

while the total CP asymmetries as[f| 

^2 = 



2a 



T2 + T2 



(9) 



^2a ■ 



(10) 



The three flavoured CP asymmetries can be calculated using 22| 



where Xj = (Mj /M2)^ and 



3(xi 



— Im [h:,,h^,ih^h),2] \ , (11) 



e(x) 



X 



(1 + x) In 



1 + x 



X 



2-x 



X 



(12) 



The tree-level branching ratios can then be expressed as 



pO 
^2a 



\mDa2\ 



(13) 



Defining AP2a = P2a — P2a, it will prove usefu 
can be decomposed as the sum of two terms ^ 



to notice that the flavoured asymmetries 



15|, 



^2o 



PLe2 



AP 



2a 



(14) 



where the first term is due to an imbalance between the total number of produced leptons 
and anti-leptons and is therefore proportional to the total CP asymmetry, while the second 



■^Notice that we define the total and flavoured CP asymmetries with a sign convention in such a way 
that they have the same sign respectively of the produced B — L and asymmetries rather then of the 
L and asymmetries. 

^The derivation is simple and can be helpful to understand later on phantom leptogenesis. If we write 



-P2a = PL + AP2a/2 and F2a = P^ " AP2a/2, One has 



£2a — — 



T2 + T2 

Notice that we are correcting a wrong sign in Ref. 



P2a ^2 — P2a ^2 _ „o 



AP2a 
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originates from a different flavour composition of the lepton quantum states witli respect 
to the CP conjugated anti-leptons quantum states. 

Sphaleron processes conserve the flavoured asymmetries = B /3 — {a = e, fi,T). 
Therefore, the Boltzmann equations are particularly simple in terms of these quantities 



19|. In the two-flavour regime the electron and the muon components of 1^2) evolve 
coherently and the wash-out from inverse processes producing the A'^2's acts then on the 
sum A^A^ = + ^A^- Therefore, it is convenient to define correspondingly = 
+ ^2(1 ^^'^ ^27 = £2e + £2fi- Morc generally, any quantity with a subscript '7' has to 
be meant as the sum of the same quantity calculated for the electron and for the muon 
flavour component. 

The asymmetry produced by the hghtest and by the heaviest RH neutrino decays 
is negligible since their CP asymmetries are highly suppressed with the assumed mass 
pattern. The set of classic kinetic equations reduces then to a very simple one describing 
the asymmetry generated by the iV2-decays, 

dNN2 



dZ2 
dZ2 



-D2 {Nm, - N%\) , (15) 
e2, D2 {N^, -KD- Pi W2 J2 C\'2 , (16) 



^ = e2rD2iN^,-N^^l)-PlW2 J2 C?lN^^. (17) 



where Z2 = M2/T. The total B — L asymmetry can then be calculated as Nb~l = ^a^ + 
Ni^^. The equilibrium abundances are given by = 2| /C2(2;2)/2, where we indicated 
with K,i{z2) the modified Bessel functions. Introducing the total decay parameter K2 = 
V2{T = / H {T = M2), the decay term D2 can be expressed as 

D2{Z2) = ^ = K2Z2 (-\ , (18) 



Hz \7 

where (l/7)(22) is the thermally averaged dilation factor and is given by the ratios 
lCi{z2) / fC2{z2) ■ Finally, the inverse decays wash-out term is given by 

1^2(^2) = ^i^2/Ci(z2) ^2- (19) 

The total decay parameter K2 is related to the Dirac mass matrix by 

^2 , ~ (^n^D)22 / N 

K2 = —, where ms = ^ \, 20 

Mo 
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is the effective neutrino mass 



23 1 and is equilibrium neutrino mass defined by js], Q 



m^= '"" P^^* - 1.08 X IQ-^eV. (21) 



167r^ /TT „,2 

Mpi 

It will also prove convenient to introduce the flavoured effective neutrino masses = 
and correspondingly the flavoured decay parameters = -P^q = 'n^2a/'"^*, so 
that "^2a = "^2 and J2a -^2a = Kq^ 



The flavour coupling matrix C [7|, l9|, Il5|, Il9|, l25|, l26| relates the asymmetries stored in 



the lepton doublets and in the Higgs bosons to the A^'s. It is therefore the sum of two 
contributions, 

Ca/3 = C^al3 + ' (22) 

the first one connecting the asymmetry in the lepton doublets and the second connecting 
the asymmetry in the Higgs bosons. Flavour dynamics couple because the generation 
of a leptonic asymmetry into lepton doublets from Ni decays is necessarily accompanied 
by a generation of a hypercharge asymmetry into the Higgs bosons and of a baryonic 
asymmetry into quarks via sphaleron processes. The asymmetry generated into the lepton 
doublets is moreover also redistributed to right handed charged particles. The wash-out 
of a specific fiavour asymmetry is then infiuenced by the dynamics of the asymmetries 
stored in the other fiavours because they are linked primarily through the asymmetry into 
the Higgs doublets and secondarily through the asymmetry into quarks. 

The condition of chemical equilibrium gives a constraint on the chemical potential 
(hence number density asymmetry) of each such species. Solving for all constraints one 
obtains the Ca/s explicitly. If we indicate with C*-^-' the coupling matrix in the two-fiavour 
regime, the two contributions to the fiavour coupling matrix are given by 



cm) ^ [ 417/589 -120/589 \ ^,(2) ^ f 164/589 224/589 

-30/589 390/589 / I 164/589 224/589 



(23) 



and summing one obtains 



C<=) . ( ] = ( ''''''' ] . (24) 

' Clt} Cf) ) \ 194/589 614/589 ' ^ ' 



A traditional calculation, where fiavour coupling is neglected, corresponds to approximat- 
ing the C-matrix by the identity matrix. In this case the evolution of the two fiavour 
asymmetries proceeds uncoupled and they can be easily worked out in an integral form 

0,BE3, 

iVA„(^2) = iVX", e""'"" ^5 ^""^''^ + <Z2. K20) , (25) 
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where the efficiency factors are given by 

= - r '-^ e-^'- A -^"f . (26) 

We will neglect the ffist term due the presence of possible initial flavour asymmetries and 
assume 2;™ <^ 1. The efficiency factors and therefore the asymmetries get frozen to a 
particular value of the temperature given by T^a = M2/ ZB{K2a), where 



ZB{K2a) ^ 2 + 4i^°a'e-^ = 0(1 - 10) . (27) 

Defining Tl = min(T/;,T-, T;,^), the total final B — L asymmetry at is then given by 

NlZl' ^ £27 t^{K2^) + n{K2r) • (28) 

Assuming an initial thermal Ai"2-abundance, the final efficiency factors K{K2a) = f^{z2 
oo, K2a) are given approximately by 



K.{K2a) ~ 



exp ( -]^K2aZB{K2a] 



(29) 



K2aZB{K2a) 

On the other hand, in the case of vanishing initial abundances , the efficiency factors 
are the sum of two different contributions, a negative and a positive one, 

4, = ^Hk2. PL) + f^liK2, PL) . (30) 

The negative contribution arises from a ffist stage where < ^N2^ ^2 < Z2^, and is 
given approximately by 

kUK2,PL) - (^e4^ _ 1) . (31) 

The A^2-abundance at is well approximated by the expression 

N^M"") ^ N{K2) = . ^ ^^'^ , (32) 

l + ^N{K2, 

that interpolates between the limit K2 ^ 1, where z'^ <^ 1 and N^2{z'^) = 1, and the 
limit K2 ^ 1, where Z2^ ^ 1 and Nn2{z2^) = N{K2) = 37ri^'2/4. The positive contribution 
arises from a second stage when > ^Wa' -^2 > 2:2'^, and is approximately given by 

^1{K2, PL) ^ -nr^iF- 1 - e • (33) 



ZB{K2a)K: 



2a 



^These analytical expressions reproduce very well the numerical results found in [9|. The difference is 
at most 30% around K2a — 1 and much smaller than 10% elsewhere. 
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If flavour coupling is taken into account, we can still solve analytically eqs. f[T5|) performing 
the following change of variables 

'Vav ) = f; f ^'a, V ,here U . ( "-'^ | (34) 



is the matrix that diagonalizes 



pO /^(2) pO /^(2) 
^2 = 1 pO ^(2) pO ^(2) I ' l^^J 



i.e. U P2 U ^ = diag(P27') -f2'r')- these new variables the two kinetic equations for the 
flavoured asymmetries decouple, 



dZ2 

dz2 



where we defined 



^27' D2 (Nm, -KD- Pi, W2 iVA^, (36) 
e2r' D2 {Nn, - - Pi, W2 iVA,, , (37) 



'''' U t/ r • (3^ 

^2r' / V £^2t 



The solutions for the two A^a^, are then still given by eq. (125|) where, however, now 
the 'unprimed' quantities have to be replaced with the 'primed' quantities and therefore 
explicitly one has 



iVj~^^ - £27"^(^27'), (39) 
Nif' - e2r'^{K2r'). 

Notice that the B — L asymmetry at T ~ is still given by N'^Z'l^ = ^a7"^^ ^'a^'^^ ■ 
The two N/^Js can be calculated from the two A'^a^, 's using the inverse transformation 

]^U-^( ^ where £/- ^ ( 

To study the impact of fiavour coupling on the final asymmetry, we can calculate the ratio 



R = 



Nb^l\c=i 



(41) 



between the asymmetry calculated taking into account fiavour coupling, and the asym- 
metry calculated neglecting fiavour coupling, corresponding to the assumption C = I. 
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If we want first to calculate the value of R at the production stage, we have to express 
N^Zjf' in terms of the 'unprimed' quantities in eq. fl39|) . This is quite easy for the K2a', 
since one has simply to find the eigenvalues of the matrix • Taking for simplicity the 
approximation ^ ^ 1, and remembering that + = 1, one obtains 



Pi' ^ ^ 1 + V (^2, - P2'r)' + 4 C^'J PI ] , (42) 



Pi' ^ ^ (l - V ( - + 4 C^'^ Cl? PO, Pl^ . (43) 



Notice that, both for a = r and a = 7, one has P°^, ~ P2°„ + 0{\/c^^J C?^) if Ps^ 
% ^ 1/2 and PO,, P2°„ + 0(C^'.^ C|',^) if P2. « P^ 



P5 ~ 1/2 and Pg^^,, ~ P2a + 0{C'>^T Cf^) if P2r <^ P^ or vice- versa. Considering moreover 



that, if ^ 1, one has approximately K{K2a) ~ l/-^2a^) one can write 

Nl^l' ^ £2y«:(i^27), (44) 

We have now to consider the effect of flavour coupling encoded in the primed CP asym- 
metries. If these are re-expressed in terms of the unprimed CP asymmetries we can 
obtain explicitly the flavour composition of the asymmetry generated at T ~ plugging 
eqs. dm) into eqs. fHOD . 



^17^^ = U^n' [U^'J ^27 + U^'r e2r] tiiK2j) + U^^] [Ur'j e2j + Ur'r Sir] «;(i^2r) , (45) 
A^Ir^^ = U;^] [Uy^ £27 + U^'T £2t] tiiK2j) + U^^] [Ur'j £27 + Ur'r £2r] «;(i^2r) , (46) 

= Nlf^+Nlf-. (47) 

We can distinguish two different cases. The first one is for Pg^ ~ P2^^ ~ 1/2, implying 
K2r = K2-y = K2/2 and therefore k,{K2^) = n{K2r) = i^{K2/2). In this situation one can 
see immediately that 

Nlf' ^ £27 ^{K2/2) , and A^J;''^ ~ £2. ^{K2/2) . (48) 

Therefore, barring the case £27 = —£2ti one has not only Nq_j^^ ~ implying 
^T~Ti _ 1^^^ even that the flavour composition is the same compared to a usual 
calculation where flavour coupling is neglected. However, if £27 = — £2r, a more careful 
treatment is necessary. From the eqs. one finds Pg^, = (1 + \J C^) Cr7 )/2 7^ P2*'^, = 

(1 — \J C'^r Ct7 )/2. This difference induced by the off-diagonal terms of the C^'^'' matrix 
prevents an exact cancelation or at least it changes the condition where it is realized, an 



effect that occurs also within Ni leptogenesis |29 |. 
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Let us now see what happens on the other hand when either or is much smaller 
than the other. This situation has not to be regarded as fine tuned, since it occurs quite 
naturally for a random choice of the parameters. At the first order in the C*-^^ off-diagonal 
terms, one has 



U 



a 



pO 



(2) 



pO 

\2t 



(2) 

7T 7m3 pir 



u- 



-a 



(2) 



pO 



27 



(2) Pi 



-'^27~-^2t 



(49) 



Let us for definiteness assume that P^r ^ -^27 ^^'^ ^^^^ -^"^2 ^ 1 (this second condi- 
tion also occurs for natural choices of the parameters). In this case one has necessarily 
k{K2t) S> K,{K2ry). We can therefore specify eqs. (H7|) writing approximately for the flavour 
asymmetries in the two flavours. 



e2r K{K2r) , 



(50) 
(51) 



where we neglected all terms containing products either of two off-diagonal terms of C^'^\ 
or of one off-diagonal term times k{K2^). We can therefore see that the total asymmetry 
cannot differ much from the standard calculation, 



<:r^ ^ £27 <K2^) + e2r >^{K2r) ' C^l^ ^2. «:(i^2. 



(52) 



implying 



R 



^{2) £2r ^(-^2r) 

£27 l^{K2-y) + £2t I^{K2t) 



(53) 



This holds because the dominant contribution comes from the tauonic flavour asymmetry 

(2) 

that is not changed at flrst order. Notice by the way that since C-yr > and necessarily 
e2r > 0, the effect of flavour coupling even produces a reduction of the total asymmetry 
at T ~ Ti @. 

On the other hand the asymmetry in the sub-dominant flavour 7 can be greatly en- 
hanced since the quantity 



R 



N 



C=I 



^(2) g2T l^{K2r) 
£27^(^27) 



(54) 



®This result differs from the one of [29| where, within A'^i leptogcnesis, the authors find an enhancement 
instead of a reduction. This is simply explained by the fact that we are also accounting for the Higgs 
asymmetry that determines the (correct) positive sign for G^V- 
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can be in general much higher than unity. In this respect it is important to notice 
that the assumption ^ does not necessarily imply <^ £^27 since e2a ^ 
10"^ (Ms/lO^^GeV) ^/P§^. Notice also that if vice versa P^^ < P^^, then the r flavour 
asymmetry is sub-dominant and can be strongly enhanced. 

There is a simple physical interpretation to the enhancement of the sub-dominant 
flavoured asymmetry. This can be given in terms of the effect of tau flavour coupling 
on the final 7 asymmetry that is described by the off-diagonal terms of the C*-^-' matrix. 
The dominant contribution to these terms comes from the Higgs asymmetry produced 
in N2 la + 4>^ decays. Let us still assume for definiteness that Pj^r ^ -^27 ^^"^ ^^at 
K2 ^ 1. This implies that the 7 asymmetry is efficiently washed-out and there is a 
substantial equilibrium between decays and inverse processes. 

On the other hand the r asymmetry is weakly washed-out and for simplicity we can 
think to the extreme case when is not washed-out at all (true for K2T <^ 1). An excess of 
tau over 7 asymmetry results in an excess of Higgs over 7 asymmetry. This excess Higgs 
asymmetry increases the inverse decays of over the states (or vice versa, depending 
on its sign) and 'soaks up' either more particle or more anti-particle states generating an 
imbalance. Hence one can have R^'^^ ^ 1 thanks to the dominant effect of the extra 
inverse decay processes that 'switch on' when C ^ I. 



Our 



This effect had been already discussed within A''i-dominated leptogenesis 
results, for the asymmetry at the production stage, are qualitatively similar though we also 
took into account the dominant contribution to flavour coupling coming from the Higgs 
asymmetry and we solved analytically the kinetic equations including flavour coupling 
without any approximation. As we already noticed, quantitatively, the account of the 
Higgs asymmetry produces important effects. For instance, when the Higgs asymmetry is 
included, the results are quite symmetric under the interchange of P2^ and P2^ since the 
total matrix C*-^-' is much more symmetrical than C'*-^-*. 

There is however a much more important difference in this respect between N2- 
dominated and A'^i-dominated leptogenesis. While in the latter case a strong enhancement 
of the sub-dominant flavoured asymmetry does not translate into a strong enhancement 
of the flnal asymmetry, in the case of the A^2-dominated scenario this becomes possible, 
thanks to the presence of the additional stage of lightest RH neutrino wash-out, as we 
discuss in the next section. 
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3 Three flavour projection and the A^i wash-out stage 



At T ~ 10^ GeV the muon Yukawa interactions equilibrate as well. They are able to break 
the residual coherence of the superposition of the muon and electron components of the 
quantum states 1^2) and . Consequently, the '7' asymmetry becomes an incoherent 



mixture of an electron and a muon component [18| and the three-flavour regime holds 







id- 



Therefore, for temperatures T' such that 10^ GeV ^ T' ^ Mi, one has a situation 
where the asymmetry in the tau flavour is still given by the frozen value produced at 
T Tl (cf. eq. ( H6|) ). whereas the asymmetries in the electron and in the muon flavours 
have to be calculated splitting the 7- asymmetry produced at T ~ T/, (cf. eq. (H^ ) and 
the result is 

N^,{T') = p, + ^Nlf\ (5 = e,/x) (55) 

where the "phantom terms" Pe and p^, for an initial thermal A''2-abundance N^^^, are given 
by 

P6 = [e25-'^e2^ N^^, ((5 = e,/i) (56) 

and one can easily check that Pe + P^i = 0. Notice that, because of the presence of the 
phantom terms, the electron and the muon components are not just proportional to £27- 
Let us show in detail how the result eq. (155|) and the expression for the phantom terms 
can be derived. The derivation is simplified if one considers the A5 asymmetry as the 
result of two separate stages: first an asymmetry N^^ ends up, at the break of coherence, 
into the 6 lepton doublets and then it is flavour redistributed and sphaleron-converted 
in a way that N^g = —N^^. Actually part of the A''^.^, asymmetry gets redistributed and 
sphaleron-converted immediately after having been produced. However, in our simplified 
procedure, the notations is greatly simplified and the derivation made more transparent 
but the final result does not change, since flavour redistribution and sphalerons conserve 
the asymmetries. 

After these premises, we can say that the asymmetry in the 6 lepton doublets at the 
break of coherence is simply given by 

Nl = hs Nj;^- - hs Nf-^- , (57) 

where f25 = | (41^27) I' = ^25/^27 and f2s = \{i5\i'2.y)\^ = hs/h-^r With some easy 
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passages one can then write 



Nl = \[hs-h^) [nJ-^^ + nI-^^) (58) 

+ \{f2S + f28)Nlf- (59) 

= -ps + \ {f2S + hs) Nlf- , (60) 



where in the last expression we introduced the phantom term 



P8 = "2 {f2S - hs) [Nj;^- + NT-^-) . (61) 

Considering now that nJ^^'^^ + nJ^'^^ ^ N^^^ and that, using first f2s = P25/ P2'y and 
/25 = -P25/-P27 and then the eq. (fT^ . one has 

^ (/2. - /2.) P27 =^ -(^2^-^e27) (62) 
^(/2. + /2.) = ^, (63) 

one finally finds 

Nl = -Ps + ^Nlf\ (64) 
^27 

where the phantom terms can be expressed in terms of the CP asymmetries as 

P8 = {e^s - ^ 627) iVj^, . (65) 

As a last step one has finally to take into account fiavour redistribution and sphaleron 
conversion so that the eq. fl55l) follows. 

The phantom terms originate from the second contribution in eq. (fT^ to the fiavoured 
CP asymmetries. One can see indeed that if AP2e = ^-^2/^ = 0, then Pe = P^ = 0. On 
the other hand, these terms do not vanish if the leptons and the anti-leptons produced 
by the decays have a different flavour composition, such that at least one AP2S 7^ 0, even 
when £27 = 0. In this particular case one can indeed see that Pe = = —£2fi = —p^l ■ 

It should be noticed that, remarkably, the phantom terms are not washed-out at the 
production. This happens because in this stage the e and components of the leptons 
and anti-leptons quantum states are still in a coherent superposition. The phantom terms 
originate from the components of the electron and muon asymmetries dependant only on 
differences between the flavour compositions of the leptonic quantum states £27 and anti- 
lepton quantum states £3^. These cannot be washed-out by the N2 inverse processes, which 
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can only act to destroy the part of the electron and muon asymmetries proportional to 
£27 itself B 

However, it should be also noticed that if one assumes an initial vanishing A''2-abundance, 
the phantom terms vanish. This happens because in this case they would be produced 
during the N2 production stage with an opposite sign with respect to the decay stage 
such that an exact cancelation would occur implying a vanishing final valued. Therefore, 
the phantom terms seem to introduce a strong dependence on the initial conditions in 
iV2-flavoured leptogenesis. 

When finally the inverse processes involving the lightest RH neutrinos become active at 
T ~ Ml, the wash-out from the iVi -decays acts separately on the three flavour components 



of the total B — L asymmetry 13| 



The wash-out from the lightest RH neutrinos is more efficient than the wash-out 
from the next-to-lightest RH neutrinos since it is not balanced by any production and it 
therefore acts on the whole produced asymmetry. 

Taking into account the flavour coupling matrix, the set of kinetic equations describing 
this stage is given by 

^^A^ _ pO ^(3) 



dzi 



-Pi E ^1'° , («, /3 = e, /X, r) (66) 



where zi = Mi/T and, more generally, all quantities previously defined for the A^2's can 
be also analogously defined for the A''i's. In particular the -P^^'s, the ilia's and Wi are 
defined analogously to the Pga' the K2aS and to W2 respectively. 

The flavour coupling matrices in the three-flavour regime are given by 



I 151/179 -20/179 -20/179 \ 

-25/358 344/537 -14/537 
\ -25/358 -14/537 344/537 y 



^h(3) 



/ 37/179 52/179 52/179 \ 

37/179 52/179 52/179 
\ 37/179 52/179 52/179 y 



^The name phantom is not meant to imply that the effect is non physicaL It is simply justified by the 
fact that the effect arises from terms which cancel and are therefore invisible (i.e. phantom-like) until 
a possible wash-out from the A^i acts asymmetrically on the e and /i components (/^le 7^ which 
renders the difference observable. 

*This can be understood, for example, in the following way. An inverse decays of a lepton with an 
Higgs, corresponds to the creation either of a state orthogonal to 1^27), that we indicate with or to 

\i'2j), that we indicate with 1^27)- Their flavour composition is given by |^^^) = (^'^1^27) Ke) — (^6^27) |^^) 
and by 1^27) ^ (^^^27) Ke) ~ (^e|^27) I^m)- Therefore, each inverse decay will produce, on average, an 
electron and a muon asymmetry given respectively by AL'f = (/2p — /2/i)/2 and AU^f = (/2e — /2e)/2, 
opposite to those produced by one decay. Notice that only N2 inverse processes can produce such CP 
violating orthogonal states with phantom terms exactly canceling with those in the lepton quantum states 
produced from decays 
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C<(3) 



( cf} 

^(3) 



(3) ^(3) 



^(3) 
(3) 



^(3) 



I 188/179 32/179 32/179 \ 

49/358 500/537 142/537 
\ 49/358 142/537 500/537 / 



If flavour coupling is neglected both at the production in the two-flavour regime (corre- 
sponding to the approximation C^^-* = /) and in the lightest RH neutrino wash-out in the 
three-flavour regime (corresponding to the approximation C^^'^ = I), the final asymmetry 
is then given by 2l|, |3]J 



N'- 



B-L 



a 

E 

5=e,fi 



f 



PS 



pO 
^27 



+ i^{K2r) e 



— Air 



(67) 



It is interesting that, even though \^ there can be a particular flavour a with at 

the same time 1 ^ K\a <^ K\ and a sizeable = 0(10^^ — 10"^). In this case the flnal 
asymmetry is dominated by this particular a-flavour contribution, avoiding the lightest 
RH neutrino wash-out, and can reproduce the observed asymmetry. Therefore, thanks to 



flavour effects, one can have successful le 
impossible in the unflavoured regime 



jtogenesis even for i^i ^ 1, something otherwise 
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3l| 



Let us now comment on the phantom terms and on the conditions for them to 
be dominant so that a scenario of 'phantom leptogenesis' is realized. First of all let 
us importantly recall that we are assuming zero pre-existing asymmetries. Under this 
assumption the phantom terms would be present only for a non zero initial A^2 abundance 
while they would vanish if an initial vanishing N2 abundance is assumed. 

A condition for phantom leptogenesis is then 



\V8\ > 



£27 i^{K- 



27. 



and KiA < 1 



(68) 



either for 5 = e or for 5 = /i or for both. In this situation the flnal asymmetry will 
be dominated by that part of the electron-muon asymmetries that escape the wash-out 
at the production thanks to the quantum coherence during the two flavour regime. A 
flrst obvious condition is 7^ 0. Another condition is to have -R'27 ^ 1 since otherwise 
the phantom terms are not crucial to avoid the wash-out at the production that would 
be absent anyway. Another necessary condition for the phantom leptogenesis scenario 
to hold is that either K\e ^ 1 or < 1, otherwise both the electron and the muon 
asymmetries, escaping the wash-out at the production, are then later on washed-out by 
the lightest RH neutrino wash-out processes. However, as we will see, this condition is 
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not necessary when the flavour couphng at the hghtest RH neutrino wash-out stage is 
also taken into account. 

Conversely a condition for 'non-phantom leptogenesis' relies on the following possi- 
bilities: either an initial vanishing abundance, or — 0, or 7^27 ^ 1, or that both 
Kie ^ 1 and Kii^^ ^ 1. Again this third condition seems however not to be sufficient to 
avoid the appearance of phantom terms in the expression of the final asymmetry when 
the flavour coupling at the lightest RH neutrino wash-out stage is also taken into account. 
Therefore, it should be noticed that the effects of flavour coupling and of phantom terms 
cannot be easily disentangled. Notice that a last condition for non-phantom leptogenesis 
is exp[— 3 TT i^'ie/8] ~ exp[— 3 vr since in this case the two terms would continue to 

cancel with each other even after the lightest RH neutrino wash-out. In the Appendix B 



we report a description of phantom leptogenesis within a density matrix formalism 37 1 
arriving to the same conclusions and results. 

In the following we will focus on the effects induced by flavour coupling, also in trans- 
mitting the phantom terms from the electron and muon flavours to the tauon flavour. 

Let us now see how the eq. (1671) gets modified when flavour coupling is taken into 
account (only) at the production. In this case one has 

N'b.l = iVlr^'^e-^^^ + A^I^^-e-^^^^+iVl^^-e-^^-, (69) 

where nI^J\ iVj7^^ and iVj^^^ are given by eqs. (147|) and (155|) . In the specific case 
when Pgr ^ -^2*7' (SZD specialize into eqs. (|5U]) and (I5T]) and we can therefore 

write 



(70) 
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Kir 



Let us finally also examine the changes induced by flavour coupling in the description 
of the lightest RH neutrino wash-out stage in the three-flavour regime, removing the 
approximation C'-^^ = /. One can see from eqs. ( 166|) . that the wash-out acts in a coupled 
way on the three-flavour components of the asymmetry. An exact analytical solution can 
be obtained applying again the same procedure as in the two flavour regime. If we define 



/ po M'i) po M'i) po r'^^) \ 

-Tie Oee -Tig ^efi Oer 

pO r^(3) pO r^(3) pO /^(3) 

, pO r^(3) pO /^(3) pO r'i^) , 
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(71) 



the set of kinetic equations can be recast in a compact matrix form as 

dNA 



dzi 



(72) 



where A^'a = {N^^, ^a^, If we perform the change of variables 



V N/\ , where V 



^ Ve"e Ve"^ Ve"T ^ 

V^"e V^"^ V^»r 
\ Vr»e K"M K"r / 



(73) 



is the matrix that diagonahzes P^, i.e. V P^V^^ = P°„ = diag(P°g„, P^^,,, P°^„) and 
A^'a" = {N/^^„ , N/\^,i , Na^„) , the kinetic equations for the flavoured asymmetries decouple 
and can be written as 

dNA" 



dzi 



-Wi P\'„ Na" 



The solution in the new variables is now given straightforwardly by 

^i" = (iVl^r^e-'^''-", iVl^r^e-'^^V', ArJ-^^e-"^^-") 



(74) 



(75) 



where Ki^" = P^^,, Ki. Applying the inverse transformation, we can then finally obtain 
the final flavoured asymmetries 



/ K:,! v-J, vr}, \ 



Nl = V^^ Ni„ , with V"^ 
or explicitly for the single components 



fie" 



y-l y~\ 

\ Kt" ^iiT» ^Tt" ) 



(76) 



ol" 



(77) 



where the A^aJ^^'^ given by eqs. fH5|) . fH6l) and (155|) . This equation is the general 
analytical solution and should be regarded as the "master equation" of the paper. It can 
be immediately checked that taking U = V = I one recovers the standard solution given 
by eq. (1671) . In the Appendix we recast it in an extensive way for illustrative purposes. 



19 



4 Examples for strong impact of flavour coupling 



The general solution of eq. f l77p . with approximate analytical solutions for U and V 
plugged in, is of course rather lengthy and its physical implications are difficult to see. 
To make eq. (177|1 more easily accessible we partly unpack it in the Appendix. In order to 
better understand whether it can yield results significantly different from those obtained 
by eq. f E7|) . we will now specialize it to some interesting specific example cases that 
will highlight the possibility of strong deviations from the case when fiavour coupling is 
neglected, i.e., of R{ (cf. (l4Ti) ) values significantly different from unity. The scenario 
we will consider in the following, and which will be useful to illustrate the possibility of 
large impact of flavour coupling effects, will be referred to as the "flavour-swap scenario" . 
Notice that in general the phantom terms have to be taken into account and we have 
therefore included them. However, these can be always thought to vanish in the case of 
initial vanishing abundance. 

4.1 Simplified formulae in the "Flavour-swap scenario" 

In the "flavour-swap scenario" the following situation is considered: Out of the two 
flavours e and fi, one has Kis < 1 (where 6 can be either e or /i). The other flavour 
will be denoted by /3, so if 5 = e then /3 = yU or vice versa. For Ki/s we will assume that 
Kii3 ~ Kit- Ki ^ 1, such that asymmetries in the /3" as well as in the r" flavours 
will be (almost) completely erased by the exponential A^^i washout. The only asymmetry 
relevant after A'^i washout will be the one in the flavour 5" . 

Obviously, this already simplifies eq. (177|) significantly. Now one has, similarly to what 
happened before with the -ft'ia', that Kis" = Kis (1 + 0(C^'^^)^) — Ku- At the same time 
Kii3(^T-)" = -^i/3(r) (1 + 0{C^^ij)) and therefore Kii3(^t-)" ~ -ft'i ^ 1. This implies that in 
eq. fl77|) ) only the terms with a" = 6" survive , while the terms with a" = r" undergo 
a strong wash-out from the lightest RH neutrino inverse processes and can be neglected. 
Therefore, if we calculate the final flavoured asymmetries and make the approximation 
exp{—37i Kis/8) ~ 1, from the general eq. flA.Sp we can write 

Ni, ^ V-,},Vs^,^Nlf^ + V-,},Vs^,sNlf^ + V-,},Vs^,^Nlf\ (78) 

Ni^ ^ VjVs^pNlf' + VjVs>>sNlf' + VjVs>>rNlf\ (80) 

At the production, for the three A^JiT^^'^' assume the conditions that led to the 
eqs. fl50|) . fl5T]) and fl55|) . i.e. ^ -P27 (notice again that one could also analogously 
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consider the opposite case P^r ^ ^2^) K2 ^ 1, implying k{K2^) <^ 1. The matrices 
V and V~^, whose entries are defined by the eqs. f l73|) and fl76l) respectively, at the first 
order in the C^^-* off-diagonal terms, are given by 



V 



1 d? 



^(3) -Pf^ 



(3)^1^ 



(3) 



r^(3) 



1 



/ 1 -d? d?S\ 



^(3) P?, 
^fie "pir 

le 

^(3) 

-"re 



-Or 



r^{3) 



^(3) -P^ 

It 



Therefore, we find for the three N{ 's 



MS) ^(3) ArT~T£ ^(3) ArT~Ti , ^(3) ^(3) A" i\rT~Tz, 

-^-'/S^ <-^5/3 ^ ^^A^ - '^fiS ^^Ag + '-^Z?.? '^St ^^Ar 

It 



1/3 



^2) 



+ ^ [e2,^iK2,) - e2r ^{K2r)] } 



pO 
pO 



pO 
-'It 



^3) 



PI 

DO 
It 



S ^Sp pO ^'A 
pO 

P<5 



C. 



(3) 



/3 



2.5 



Sr pO 
It 



The total final asymmetry is then given by the sum of the fiavoured asymmetries. It can 
be checked that if fiavour coupling is neglected (C-^^ = C^^-* = /), then one obtains the 
expected result 



^27 



^5) 



corresponding to an asymmetry produced in the fiavour 5, i.e. in the only fiavour that 
survives washout by the lightest RH neutrino. 

However, taking into account fiavour coupling, new terms arise and the final asymme- 
try can be considerably enhanced. More explicitly, we have approximately 



(l - Cf} - \PS + ^ [e2,<K2,) - e2r <K2r)] }-d? ^ e2r «:(i^2.) 

(86) 

where P^^/Pi^ = Ku/Ki-r and where we have neglected all terms that contain the product 
either of two or more off-diagonal terms of the coupling matrix, or of one or more off- 
diagonal term with k{K2^) ^ 1. 
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From eq. fl86l) one can readily see examples for strong enhancement of the asymmetries 
due to flavour coupling, i.e. conditions under which ^ 1. In particular, if K{K2'y) £27 <^ 
K{K2r) then one of the two additional terms in eq. fISBl) . only present due to flavour 
coupling, can dominate the produced flnal asymmetry and ^ 1 results. We will now 
discuss these two cases in more detail and give examples for classes of models, consistent 
with the observed neutrino masses and mixings, where they are relevant. We want flrst 
to notice a few general things. 



First, since the flavoured asymmetries are upper bounded by [30 1 

k..|<.r-10-^5^^;^. (87) 

the condition k,{K2^) £27 ^ ^(-^2r) ^2r does not introduce further great restrictions com- 
pared to K2T -^27- Second, from the eq. fISBl) one can see that a reduction of the 
flnal asymmetry from flavour coupling is also possible because of a possible sign cance- 
lation among the different terms (in addition to a small reduction from the pre-factor 
1 — C^^^ — C^g). However, a strong reduction occurs only for a flne tuned choice of the 
parameters. Let us say that this sign cancelation introduced by flavour coupling changes 
the condition for the vanishing of the flnal asymmetry that is not anymore simply given 
by £27 = 0. 

It should indeed be noticed that now for £27 = the asymmetry in the flavour 7 (or 
vice- versa the asymmetry in the flavour r if e2T = and K2r ^ -^27) does not vanish 
in general. This can be seen directly from the kinetic equations (cf. eq. ffTSl) ). where if 
£27 = an asymmetry generation can be still induced by the wash-out term that actually 
in this case behaves rather like a wash-in term. If we we focus on the Higgs asymmetry, 
we can say that this wash-in effect is induced by a sort of thermal contact between the 
flavour 7 and r, in a way that the departure from equilibrium in the flavour r induces a 
departure from equilibrium in the flavour 7 as well. 

• Case A: Enhancement from flavour coupling at A'^2 decay 

Let us assume k{K2^) ^ k(AV) and in addition P^^/P^^ = Kis/Kir ^ 1. Then 
the flrst and third terms in eq. fISBl) dominate and we can estimate 

pO 

Ji 

DO 

27 

In this case the flnal asymmetry is dominated by two terms that, for different rea- 
sons, circumvent the strong wash-out of the 7 component. The flrst term in eq. flSSl) 
is the phantom term ps that escapes the wash-out since it was 'hidden' within the 
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^PS- C^'J e2r >^{K2r) 




Figure 1: Contour plots of R (cf. eq fj^T]) ) in the flavour swap scenario for i^ir, Kie ^ 1, 
Ki^ < 1, = K2fj,. The latter condition implies that the last term in the eq. fl86|) is 
negligible. Left panel: \e2^\ = s^^"^', right panel: \e2^\ = 0.1 e^^"" (cf. eq. fl57|) ). In both 
panels = ^^r"^ and e2^/s2T > 1- 



coherent 7 lepton combination of an electron and a muon component. From this 
point of view it should be noticed that since the lightest RH neutrino wash-out acts 
only on the 6 flavour but not on the /3 flavour, it has the remarkable effect to destroy 
the cancelation between the two phantom terms ps and having as a net effect the 
creation of B — L asymmetry, a completely new effect. The second term in eq. flSSl) 
is what we have seen already: because of flavour coupling at the production, the 
large asymmetry in the r flavour necessarily induces an asymmetry in the 7 flavour 
as well. Notice that there is no model independent reason why one of the two terms 
should dominate over the other. 

In order to show more clearly the conditions for this case to be realized, we have 
plotted in the Fig.[T]the R iso-contour lines (cf. eq (HTl) ) in the plane (-R'275 -^2r)- We 
have flxed A'l^ < 1, Kif,, Ki^ ^ 1, so that only the muonic asymmetry survives the 
lightest RH neutrino wash-out. We have also set K2fj,/K2.^ = 1/2 ^ Kifj,/Kir, so 
that the last term in the eq. (l86i) can be neglected. Concerning the CP asymmetries, 
in the left panel we have set £27 = ^27^^^ ^2r = £^2^^^- '^^^ thaX in this 
case the enhancement of the asymmetry becomes relevant when ^ K2T but for 
K27 ^ 100 (a reasonable maximum value), it cannot be higher than about R ~ 2.5. 
Notice that, since we choose £27/£^2r > 1, a reduction is also possible due to a 
cancelation of the traditional term and of the new term due to flavour coupling. In 
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the right panels we have set £27 = 0.1 e^^^ and this time one can see how R can be 
as large as one order of magnitude. This shows that for — )■ the enhancement 
can be arbitrarily large. 

• Case B: Enhancement from flavour coupling at A^^i washout 

Another interesting case is when K,{K2'y) ^ 't(-^2r) and in addition P2s/P2'y ^ 
P^g/Pi^. In this case the first and fourth terms in eq. (1861) dominate and we obtain 
approximately 

NLl ^ PS - Cll^ ^ e^r f^iK^r) . (89) 

We can see that again we have the phantom term avoiding the wash-out at the production 
and a second term arising from the flavour coupling at the wash-out by A^^i. We note that 
this term is not even proportional to the flavoured asymmetry 625 and is just due to 
the fact that thanks to flavour coupling the wash-out of the large tauonic asymmetry 
produced at T ~ T;, has as a side effect a departure from thermal equilibrium of the 
processes A'^i o le + (p^L + <P- This can be understood easily again in terms of the 
Higgs asymmetry that connects the dynamics in the two flavours. It is quite amusing 
that thanks to flavour coupling an electron asymmetry is generated even without explicit 
electronic CP violation. 

Also for this case B, we have plotted, in the Fig. [21 the R iso-contour lines (cf. eq fHTl) ) 
in the plane K2t)- We have set Kie < 1 while Ki^, Kir ^ 1, so that now only the 
electron asymmetry survives the lightest RH neutrino wash-out. Moreover this time we 
have set i^2e/-^27 ^ -^ie/-^ir so that the last term in the eq. (jHSD becomes dominant 
and the case B is realized. For the CP asymmetries, as before, in the left panel we 
fixed £27 = ^^^"^ while in the right panel £27 = 0.1 e^^"^ and in both cases e2T = s^^^. 
Now the enhancement of the final asymmetry i? is ^ 1 in both cases, simply because 
the traditional term is this time suppressed by K2e/K2'y ^ 1. This means that after 
the decoherence of the 7 lepton quantum states, there is a negligible asymmetry in the 
electron flavour. However, at the lightest RH neutrino wash-out, an electron asymmetry 
is generated thanks to flavour coupling. 



4.2 Example for Case A within Heavy Sequential Dominance 



To find realistic examples where the two cases A and B with strong impact of flavour 
coupling are realised, we will now consider classes of models with so-called sequential 
dominance (SD) 
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35| in the seesaw mechanism. To illustrate case A, we may in 
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Figure 2: Contour plots of R (cf. eq fjlT]) ) in the flavour swap scenario for Kir, Ki^ ^ 1, 
i^ie < 1, K2e/K2i_i ^ Ki^,/ Ki^-. The last condition implies that the last term in the 
eq. f lSB]) dominates. Left panel: £:2^t = ^2)^''^ right panel: £:2^t = 0.1 e^^"" (cf. eq. fl57|) ). In 
both panels £2t = ^2^-'^'' and e-2^/e2T > 1- 



particular consider a sub-class called heavy sequential dominance (HSD). To realise case 
A within HSD, in eq. fl86p and eq. fl88p we assign flavours 6 = fi and /3 = e. 

To understand how heavy sequential dominance works, we begin by writing the RH 
neutrino Majorana mass matrix Mrr in a diagonal basis as 



Ml 



RR 



(Mc 



V 



\ 

Mb 
Ma) 



(90) 



where we have ordered the columns according to M/j/j = diag(Mi, M2, M3) where Mi < 
M2 < M3. In this basis we write the neutrino (Dirac) Yukawa matrix A^/ in terms of (1, 3) 



column vectors Q, Bi, Ai as 



A„ 



C B A 



(91) 



in the convention where the Yukawa matrix is given in left-right convention. The Dirac 
neutrino mass matrix is then given by m'^Yi = ^uVu- The term for the light neutrino 
masses in the effective Lagrangian (after electroweak symmetry breaking), resulting from 
integrating out the massive right handed neutrinos, is 



nv 

^eff 



Ma 



+ 



M, 



+ 



B 



M 



c 



(92) 
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where Vi {i = 1,2,3) are the left-handed neutrino fields, heavy sequential dominance 
(HSD) then corresponds to the third term being negligible, the second term subdominant 
and the first term dominant: 

4^»^»^- (93) 
Ma Mb Mc 

In addition, we shall shortly see that small 613 and almost maximal 623 require that 

\Ai\ < IA2I ^ IA2I. (94) 

We identify the dominant RH neutrino and Yukawa couplings as A, the subdominant ones 
as B, and the almost decoupled (subsub dominant) ones as C. 

Working in the mass basis of the charged leptons, we obtain for the lepton mixing 
angles: 

tan 6^23 ~ ' (95a) 
tan ^12 ^ , (95b) 





l^ll 




C23 


1^21 


COS 02 


1 


S23 


1^31 


sin 03 



where the phases do not need to concern us. 
The neutrino masses are: 



"^3 ~ Tj , (96a) 



M 



A 



m2 ^ 2 ' (96b) 
sf^Ms 



mi ^ C(|C|V/Mc) . (96c) 
Tri-bimaximal mixing corresponds to: 

(97) 
(98) 

l^sl, (99) 

(100) 

This is called constrained sequential dominance (CSD). 



I^ll 


= 0, 


1^2! 


= 1^3 


I^ll 


= \B2 


A^B 


= 0. 
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For leptogenesis, the flavour specific decay asymmetries are e2a where the leading 
contribution comes from the heavier RH neutrino of mass Ma = M3 in the loop which 
may be approximated via eq. ffTTl) as: 

Clearly the asymmetry vanishes in the case of CSD due to eq. fllOOl) and so in the follow- 
ing we shall consider examples which violate CSD. The mixing angles are given by the 
following estimates: 

tan^23~-; 1, tanOu ~ ^, ^13 ~ — =. (102) 

^3 -D2 + -D3 V 2 V 2^2 V 2 

Suppose we parametrize the Yukawa couplings consistent with these mixing angles as: 

^2 = ^3, Ai = rA2, Bs = qB2, Bi = ^{1 + q) B2 (103) 
where r < 1 is related to 9is and 9^ via eq. (11021) . then we find, 

3 T" 

The flavoured effective neutrino masses m2a, "fhia are given by: 

\R 127,2 \r 127,2 

= ~ "^2 , = —— mi . (105) 

Mb Mc 

Neutrino oscillation experiments tell us that r < 1 is small (here we shall assume r ~ 0.2 
as a specific example consistent with current experimental results) and we find 

m2M (l + g)^ ^ 

^2m = 10, K2e A2/., ~ Q ^2^, (106) 

which allows strong washout for i^27 (7 = f^ + e) with weak washout for K2t- By assuming 
that Ci, C2 <^ C3 we have, 

i^lr = ^ ~ 10 — , Kie, Ki^ < i^l. (107) 
7712 

which allows for strong washout for Kij. (at least if mi ~ m2) with weak washouts for 

Thus, without flavour coupling and phantom terms, we would have strong (exponen- 
tial) A'^i washout for Kij. ~ 10, with negligible A'^i washout for Ki(.,Ki^ < 1. Since 
^2e ~ |^2/j ~ 0.152/^ we may neglect e2e and then we find that the term proportional to 
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i^{K2'y) is strongly washed out since -^^27 ~ 10. Therefore, without flavour coupling 
and phantom effects, N^b~l would tend to be small in this scenario. 

While, allowing for the effects of flavour redistribution and including the phantom 
term, we find (cf. eq. fISS]) ). 

" ^^^Z7.n^^.7y ^ -7r 



^27 -f^ 27 



Since ^^2^/^27 ^ 4/(5 + 2 g) and ~ [(1 + 2g)/(5 + 2g)]e2/. A^j^^, then we have 

N'b-l - ^ e,, N'^^ + [.27 ^^(^^27) - C(^>2. ^(7^2.)] , (109) 

where ~ ~ 10 leads to only weak wash out with 62^ ~ — ^^^2 ^2 ^3 

being large. Notice that there is a partial cancelation of the two terms but this is just 
depending on the particular choice of values for r and q and on A']^^ . This is an example, 
consistent with neutrino data, where N^b-l would be very small without flavour coupling 
and phantom term, but will be quite large including the two effects that both produce a 
large contribution. If we indeed, for definiteness, assume A^]^^ — and q ~ 0.5 such that 
K2r ~ 1 corresponding to k{K2t) — 0.3, then we find for R (cf. eq fHTl) ) 



R 



^ _ (j{2) I^{I^2t) £2j 



'^^ ^(7^27) £27 



(110) 



In Fig. on]) we plotted i? as a function of g = e2Tl^2pu- One can see that this example 
realizes a specific case of the general situation shown in the left panel of Fig. 1. In 
particular, one can see that there can be a relevant suppression for positive q and up to a 
50% enhancement for negative q. On the other hand, in case of initial thermal abundance, 
one can easily verify that the presence of the phantom term can yield an enhancement up 
to three orders of magnitude. 

4.3 Example for Case B within Light Sequential Dominance 

To give an example for case B (i.e. an example where K^e <^ -ft'i^, -f^ir while e2T ^ £^2/^5 ^2e 
and K2e ^ -^27), we may consider another class of sequential dominance, namely light 
sequential dominance (LSD). Now, in eq. (186|) and eq. ( 189|) we have to replace 5 = e and 
/3 = /i. 

In the example of LSD we will consider, using the same notation for the dominant, 
subdominant and subsubdominant RH neutrinos and corresponding couplings, we have: 

(Ma ^ \ 

Mc . (Ill) 
V Mb) 
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Ml 



RR 



a: 1.0 - 




Figure 3: Plot of i? as a function of q as from the eq. (11 101) . 



The hghtest RH neutrino with mass Ma dominates the seesaw mechanism. We have again 
ordered the columns according to M^^ = diag(Mi, M2, M3) where Mi < M2 < M3. For 
the neutrino (Dirac) Yukawa matrix we use the notation 

Xu= C2 ^2 , • (112) 

More specifically, let us now consider, within LSD, a variant of CSD called partially 
constrained sequential dominance (PCSD) {sgI where 1^42 1 = {A^l = a and = |i?2| = 
iBsl = b, but Ai 7^ 0. In addition, we may assume C = {Ci, 02,03) with Ci = and 
O2/O3 = C, 1 as a specific example. Under these conditions, and using Ai = rA2 = 
\/29i3A2 defined in the previous section, we can write the neutrino Yukawa matrix as 

/ V29i3a b\ 



\ 



(113) 



Cc h 
a c hj 

The flavoured effective neutrino masses m2a, f^ia in this specific LSD scenario are 
given by: 

m2c = —T7 — ~ "^2, rriia 



M, 



c 



Ma 



For mie, nii^ and ttt-it- we obtain explicitly 



172^13 a|V 
Ml 



m^el,, mi. 



mir 



Ml 



2 



(114) 



(115) 
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The parameters Kia are related to the mja's simply by Kia = rhia/m*. Since we know 
from neutrino oscillation experiments that the leptonic mixing angle 6'i3 is small (at least 
< 10°) we have that Kif. ^ Ki^ = Ki^-, i.e. 

ms 
m* 

and 

(v^^ia)'- (117) 



K,^ = K^,r^-^r^50 (116) 



Consequently, the asymmetries in the r and in the /i flavours will be almost completely 
washed out by the A'^i washout related to Kir and i^i^. In the e- flavour we have weak 
A^i- washout. 

Furthermore, using ^'"^^^ ~ mi, we obtain at the N2 decay stage 

K2r ~ ^, ^2;. ~ C ^ < ^V, and i^2e = , (118) 

m* m* 

which implies 

i^27 = + ^2e < if2r • (119) 

The N2 decay asymmetries, ignoring the contribution with A^i in the loop which is 
very small for the considered case that Ni <^ N21 are given via eq. fllip by 

e2a ~ ^ — ^Im \B*(B^C)C^ . (120) 

Using B and C as specified above eq. (11131) and mi ~ ^'''lij ' obtain for the decay 
asymmetries e2a- 



^2r 2 ^2 m2, €21, = Ce2r < £2r, ^26 = . (121) 



3 

Considering eq. f l86|) and noting that K2e = together with e2e = implies ps = 

(3) 

we see that all terms apart from the one proportional to Cer are strongly suppressed 
provided that ( is sufficiently tiny {( <^ r). In other words, the considered LSD scenario 
provides an example for case B, a final asymmetry dominated by flavour coupling effects 
at the A^i washout stage, as in eq. (189|) . Explicitly, we obtain for the final asymmetry 

NL. ~ -C^?§^e.r<K.r) ~ ^^(V20,3)^. (^) . (122) 

Kir lOTT \m* / 



Here one can see that 



i?^i + o.oir^ ( M'!<!!V!^. (123) 

^ V 10V 0.3 
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This result shows quite interestingly that, if ^ and mi > m^, one can obtain a huge 
enhancement for ,^ — j- 0, indicating that, accounting for flavour coupling, one can have an 
asymmetry in a situation where one would otherwise obtain basically a zero asymmetry. 
This happens because part of the tauon asymmetry, thanks to flavour coupling at the 
lightest RH neutrino wash-out, escapes the wash out from the lightest RH neutrinos. 

5 Conclusions 

We have discussed various new flavour dependent effects in the A^2-dominated scenario 
of leptogenesis and have shown that these effects are important in obtaining a reliable 
expression for the final asymmetry. In particular we have emphasized the importance 
of the off-diagonal entries of the flavour coupling matrix that connects the total flavour 
asymmetries, distributed in different particle species, to the lepton and Higgs doublet 
asymmetries. We have derived analytical formulae for the final asymmetry including the 
flavour coupling at the A''2-decay stage, where effectively two flavours are active, as well 
as at the stage of washout by the lightest RH neutrino A'^i where all three flavours are 
distinguished. The interplay between the production stage and the wash-out stage can 
then result in a significant enhancement of the final asymmetry. 

We have also described a completely new effect, "phantom leptogenesis", where the 
lightest RH neutrino wash-out is actually able to create a, B — L asymmetry rather than 
destroying it as usually believed. This is possible because the individual wash-out on 
each flavoured asymmetry can erase cancelations among the electron and muon phantom 
terms and therefore lead to a net increase of the total B — L asymmetry. In this way 
the wash-out at the production is basically fully circumvented for part of the produced 
electron and muon asymmetries. We also noticed however that the phantom terms also 
strongly depend on the speciflc initial conditions since they are proportional to the initial 
7V2-abundance and therefore, in particular, they vanish for initial zero A'^2-abundance. 

The changes induced by these new effects are encoded in the general "master formula" 
eq. fl77l) for the flnal asymmetry that we derived from the Boltzmann equations without 
approximations. Based on this equation we have identifled a sufficiently generic scenario, 
the "fiavour swap scenario", where we proved that a strong enhancement of the final 
asymmetry due to fiavour coupling and phantom terms is clearly possible. The conditions 
for the fiavour swap scenario correspond to have a one fiavour dominated asymmetry at 
the production, in the two fiavour regime, and a wash-out from the lightest RH neutrinos 
swapping the dominance from one fiavour to the other. Flavour coupling can strongly 
modify the fiavour asymmetry that is subdominant at the production inducing two new 
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contributions, one generated at the production and one at the hghtest RH neutrino wash- 
out. Then, in the flavour swap scenario, this translates into a strong modification of the 
final asymmetry after the lightest RH neutrino wash-out. It is quite interesting that, 
because of flavour coupling, an asymmetry is actually generated by the wash-out terms 
that therefore in this case act more like wash-in terms, transmitting a departure from 
thermal equilibrium from one flavour to the other. In the figures we have showed how, 
once the flavour swap scenario, is realized, relevant modifications of the final asymmetry 
are generically induced by fiavour coupling. Depending on the values of the involved 
parameters, these range from 0{1) factor changes (either a reduction or an enhancement) 
to an orders of magnitude enhancement. 

We have illustrated these effects for two models which describe realistic neutrino 
masses and mixing based on sequential dominance. 

In conclusion, the off-diagonal flavour couplings as well as phantom terms can have a 
signiflcant impact on the baryon asymmetry produced by A''2-dominated leptogenesis and 
thus have to be included in a reliable analysis. We have derived exact analytic (and also 
compact approximate) results that allow this to be achieved. The results in this paper 
open up new possibilities for successful A'^2-dominated leptogenesis to explain the baryon 
asymmetry of the universe. 
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Appendix A 

In this Appendix we recast eq. ( 177|) in a more extensive way in order to illustrate a generic 
feature of it. Each flnal a asymmetry is now the sum of three contributions. 




(A.l) 
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e 8 



In the approximation Ki^n ~ Kie, Ki^n ~ Ki^, Kir" — Ki^, it becomes 



. /3 



A/3 



Kir" 



^^A<i — ^ae" 



E ^^"^ K 



(A.2) 



g 8 "l'' 



e 8 



Kir 



This expression shows how now each a asymmetry is not simply given by one term 
containing a A'^i wash-out exponential suppression term described by e"^'^^^"/^ but it 
also contains terms that are washed out by exponentials e~^'^^^^*°'^^. In this way, even 
though Kia ^ 1, there can still be unsuppressed contributions to A^£^ from terms with 
Kii^a ^ 1- Even though these terms are weighted by factors V~l containing off-diagonal 
terms of the C^^^ matrix, they can be dominant in some cases and therefore, in general, 
they have to be accounted for. 

We can also recast this last equation in even a more explicit form unpacking the second 
sum as well, 



e 8 



(A.3) 



+ y.^" V,",Nlf- + V,",Nlf- + V,"rNl: 



Vr"e Nlf^ + Vr", N'-'^ + K"r 



T^Tr 



jTr^Tr 



e 8 

Kir 



Appendix B 

In this Appendix we show how the results on phantom leptogenesis can be also derived 
within a density matrix formalism. We report results from 37|, where a more general 
and detailed discussion can be found. Let us recall that we treat the three stages of 
production at T ~ T^, decoherence at T* ~ 10^ GeV and the lightest RH neutrino 
wash-out at T ~ Mi <^ 10^ GeV, as completely separate from each other. This allows a 
simplification of the discussion. In order to simplify the notation, in this Appendix we 
also assume that the quantum states 1^2) and l^g) do not have any tauon component, i.e. 
P2r = P2T = — consequently P27 = -P27 = -P27 — ^■ 
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The flavour composition of tlie lepton and anti-lepton quantum states can tfien be 
written as (a = e, //) 



Ih) = C2e\ie)+C2^\^,), C^e. = , (B.l) 

14) = C2e\ie) + C2,\e,), C^o. = {QQ , (B.2) 

where = |C2aP and = |C2ap. At the A^2-pi'oduction, at T ~ T/, ^ 10^ GeV, muon 
charged lepton interactions are ineffective and therefore the {£2) and l^j) quantum states 
evolve coherently. In this case, in the two different bases £2 — £-2 ^'^d £'2 — £^<^-, the lepton 
and anti-lepton density matrices are respectively simply given by 

pg = W2){£2\3) = diag(l,0) and p§ = = diag(l,0) , (B.3) 

where \ j) = 1^2), 1-^2') |j) = {l'^}, \£'2~)- It is crucial to notice that, because of 

the different flavour composition of 1^2) and l-^g), the two bases are not CP conjugated of 
each other. If we introduce the lepton number and anti-lepton number density matrices, 
N^^ = Ne^ and Njj = Ng^ p-^. respectively, their evolution oX T Tl is given by 

In order to obtain an equation for the total B — L asymmetry Nb-l at T ^ T^, we have 
first to write these two equations in the same flavour basis for leptons and anti-leptons, 
that for our objectives can be conveniently chosen to be e — /i and e — Ji respectively, and 
then subtract them. Introducing the rotation operators R and -R, such that 1^2) = -R|e), 
1^2 ) = R Ia*) and 1^2) = -R \£''i~) = R the corresponding rotations matrices Ria and 

R..-{':" "f"^") and Ik.= {f i"-] (B.5) 

for leptons and anti-leptons respectively. In the lepton flavour basis one can finally write 
the equation for the B — L asymmetry density matrix 

dN^iT^ , dNh ^ dN^' 

For the relevant diagonal components one finds 



B-L 



dZ2 

dN^-^ 
fj.fl 

dZ2 



e2e D2 {N^, Pi W2 Nb-l , (B.7) 

e2f. D2 {Nm, - AT^^) - P2fi W2 Nb-l • (B.8) 
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Summing these two equations, one finds the usual equation for the total B~L asymmetry 

cINb-l 



Nb-l = Tr[iVf-^i 



dZ2 



62 D2 {Nm, - N'^) - W2 Nb-l , (B.9) 



that is washed-out at the production. On the other hand, from the two eqs. flB.7|) and 
f lB.Sp . one also obtains 

1 dNg-'^ 1 dN^-^ _ APO / 1 1 



Pi dZ2 PI dZ2 2 \PIJ P^) 



TST + TSr ^2 (iV;v. - iV^l) (B.IO) 



and from this finally 



AD AD 

NZ^\T ^ Tl) = Pi Nlzl- -^N'^,, N^;\T ^ n) ^ Pi Nlzl- + ^N'S^. 

(B.ll) 

If we assume that Nb-l is so strongly washed-out that the terms oc N'^Zl^ can be 
neglected, one has Ng-^{T ~ Tl) ~ -(AP2e/2) iVj^^ ~ -N^~^{T ~ Tl). At this 
stage the electron and muon asymmetries are not measured and cannot have any physical 
consequence. 

However afterwards, at T ~ T* = 10^ GeV, the coherence of the lepton quantum states 
is broken by the muon lepton interactions and the electron and muon asymmetries are 
measured by the thermal bath. One can show that the charged lepton interactions give rise 



to additional terms in the eq. ( ]B.6p 18| that have the effect to damp the off-diagonal terms 



Ni^L ^ -^N^^e-'-^^^^ + ^N^^e-'^^^^ (B.12) 



in N^if^. The electron and muon asymmetries are reprocessed by sphaleron processes and 
they correspond to Ag and A^ asymmetries, A'^^^ = Nf^~^, A^J^ = N^~^ that are now 
measured by the thermal bath. Nevertheless, at T ~ T* and down to T > Mi, they still 
do not give any contribution to the baryon asymmetry (in this sense they are phantom) 
since they still cancel with each other. However, after the A^i-wash out at T < Mi, one 
finally has 

2 2 

that is nothing else than the eq. f l671) specialized to the case P27 = ^2t = '^(-^'27) = (it 
is just a simple exercise to include a tauon component re-obtaining exactly the eq. f l67|) ). 
Finally if, for example, one assumes Kif. < 1 and A'l^ ^ 1 , then N^b-l — — 
— AP2e A^™2 : the unwashed phantom term gets finally imprinted into the final asymmetry. 
It is worth to notice again that phantom leptogenesis has the attractive feature to provide 
a way to circumvent completely the wash-out at the production but, on the other hand, 
it also has the drawback that the final asymmetry strongly depends on the initial A^2 
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abundance. Therefore, we have shown how phantom leptogenesis can be also described 
within a density matrix formahsm reproducing the results obtained in the main text in the 
Boltzmann formalism. The actual practical advantage of the density matrix formalism is 
that it allows to extend the description beyond the limit where the three stages are fully 
separated, in a way that the final asymmetry can be calculated for a generic choice of 
the RH neutrino masses 



37(1 . Notice that these results extend those obtained in 



within A'^i leptogenesis, to the case where more heavy neutrino flavours contribute to the 
final asymmetry. In 



|38| the lepton and anti-lepton density matrices were assumed to 
be diagonalizable in bases that are CP conjugated of each other and in this case phantom 
terms cannot be derived. However, within A'^i leptogenesis, this does not affect the final 
asymmetry since phantom terms cancel anyway. 
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